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Abstract

In mammals, susceptibility to prion infection is primarily modulated by the host’s cellular prion protein (PrPC) sequence. In

the sheep scrapie model, a graded scale of susceptibility has been established both in vivo and in vitro based on PrPC amino

acids 136, 154 and 171, leading to global breeding programmes to reduce the prevalence of scrapie in sheep. Chronic

wasting disease (CWD) resistance in cervids is often characterized as decreased prevalence and/or protracted disease

progression in individuals with specific alleles; at present, no PrPC allele conferring absolute resistance in cervids has been

identified. To model the susceptibility of various naturally occurring and hypothetical cervid PrPC alleles in vitro, we

compared the amplification rates and amyloid extension efficiencies of eight distinct CWD isolates in recombinant cervid

PrPC substrates using real-time quaking-induced conversion. We hypothesized that the in vitro conversion characteristics of

these isolates in cervid substrates would correlate to in vivo susceptibility – permitting susceptibility prediction for the rare

alleles found in nature. We also predicted that hypothetical alleles with multiple resistance-associated codons would be

more resistant to in vitro conversion than natural alleles with a single resistant codon. Our studies demonstrate that in vitro

conversion metrics align with in vivo susceptibility, and that alleles with multiple amino acid substitutions, each influencing

resistance independently, do not necessarily contribute additively to conversion resistance. Importantly, we found that the

naturally occurring whitetail deer QGAK substrate exhibited the slowest amplification rate among those evaluated,

suggesting that further investigation of this allele and its resistance in vivo is warranted.

INTRODUCTION

Chronic wasting disease (CWD) is an efficiently transmitted
spongiform encephalopathy of cervids (e.g. deer, elk and
moose), and is the only known prion disease affecting both
farmed and free-ranging, non-domestic animals [1]. The
disease is naturally occurring in white-tailed deer (Odocoi-
leus virginianus), mule deer (Odocoileus hemionus), North
American elk (Cervus elaphus nelsoni), moose (Alces alces)
and reindeer (Rangifer tarandus), and may be experimen-
tally transmitted to a range of experimental species [2–5].
CWD has now been reported in 24US states, two Canadian
provinces, the Republic of Korea and, most recently,
Norway [6, 7].

Within individual cervid species, evidence of CWD resis-
tance – which manifests as decreased prevalence and/or

delayed progression of disease – has been reported [8–15].
The resistance mechanisms are incompletely understood,
but are thought to depend primarily on the host’s cellular

prion protein (PrPC) amino acid sequence, encoded by the
PRNP gene [16]. In white-tailed deer, much emphasis has

been placed on variations at PrPC position 96 (glycine, G or
serine, S), as it is one of the most common polymorphisms
found in nature and has repeatedly been linked to suscepti-

bility. The resistant 96S allele has a frequency of roughly
20% in white-tailed deer populations of North America, a
frequency which varies somewhat in both farmed and free-
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ranging populations. Other codon variations with signifi-
cantly lower allelic frequency have been identified that have
not been systematically evaluated for resistance, including
codons 95 (histidine, H, versus wild-type glutamine, Q), 116
(glycine versus wild-type alanine, A) and 226 (lysine, K, ver-
sus wild-type glutamine) [11]. Because of their low frequen-
cies, the manifestations of CWD in these alleles (notably in
their homozygous state) have not been well studied. In elk,
the expression of leucine (L) at codon 132 appears to confer
CWD resistance when compared to the more prevalent
132M allele [15, 17–19], while in mule deer, lower CWD
prevalence has been reported in animals expressing a phe-
nylalanine (F) at codon 225, versus the wild-type 225S [20,
21]. It is possible that other, as yet undiscovered, alleles
(including loss of function mutations) may affect resistance
in deer and elk. Resistance in other cervid species has not
been well-characterized to date, although studies in a lim-
ited number of fallow deer and reindeer have shown that
variations from the wild-type PRNP allele likely affect sus-
ceptibility [22–25].

The pathogenesis of CWD, like other prion diseases,
involves conversion of the host’s cellular prion protein to
the abnormal protease-resistant form (PrPres) following
exposure to an infectious dose of PrPres and subsequent
local and systemic amplification and dissemination [26]. In
situ conversion, amplification and accumulation of PrPres in
the central nervous system contributes to the fundamental
neuropathology associated with progressive and ultimately
fatal proteinopathies. Modelling this conversion in vitro, via
serial protein misfolding cyclic amplification (sPMCA), for
example, has proven useful for understanding the conver-
sion process at the biochemical level and ascertaining non-
native host susceptibility, as well as for amplification-based
detection of low levels of PrPres in clinical samples [27–30].
Unlike sPMCA, which requires a PrPC conversion substrate
derived from whole-brain homogenates of transgenic or
wild-type hosts, the real-time quaking-induced conversion
assay (RT-QuIC) [13, 31, 32] makes use of recombinant
prion protein (rPrPC). This allows investigators to rapidly
isolate or synthesize PRNP sequences and express them in a
variety of production systems for use as a conversion sub-
strate [33], while at the same time limiting inter-substrate
variability to the recombinant proteins’ primary structure.

In the present study, we compared the amplification abilities
of eight distinct CWD isolates from a range of cervid hosts,
PRNP backgrounds and geographical areas in an array of
naturally occurring and hypothetical cervid recombinant
PrPC substrates. We hypothesized that resistance in vivo
would correlate with two metrics of the in vitro conversion
process: (1) amplification rate, measured as the inverse time
required for a replicate to cross a predefined threshold, and
(2) amyloid extension efficiency, calculated from the slope
of the amplification curve during exponential amyloidogen-
esis. We also hypothesized that when multiple resistance-
associated codon substitutions were combined within a
hypothetical PRNP allele, there would be an additive effect

on slower amplification rates and decreased amyloid exten-
sion efficiencies. Our findings lend support to the prospect
of using cell-free in vitro conversion assays for estimating
host susceptibility to prion diseases, and potentially other
protein misfolding disorders as well.

RESULTS

Estimating in vivo susceptibility

In vivo field studies have consistently demonstrated the
95Q/96G/116A/226Q (QGAQ) allele to be the most suscep-
tible cervid allele. Based on several previously reported large
datasets, the odds ratios of infection in various cervid spe-
cies and alleles were compared to the QGAQ standard. Suc-
cessively lower odds ratios of infection were seen in QSAQ
(0.61), QGGQ (0.21), QGAK (0.21), HGAQ (0.18) and
225F (0.055) alleles. In elk, the 132M allele is considered to
be more susceptible than its 132L counterpart, and indeed
the odds ratio of infection in this allele was 0.25 compared
to 132M. Although no data are available to compare suscep-
tibility between specific deer and elk alleles, field studies
across data analysis units in endemic areas demonstrate that
elk, as a species, have a relative risk of infection of 0.24 com-
pared to sympatric whitetail and mule deer (Tables 1
and 2).

The limited number of fallow deer and reindeer naturally or
experimentally exposed to CWD makes in vivo susceptibil-
ity estimates in these species difficult. The currently avail-
able data seem to show, however, that fallow deer and
reindeer expressing the 138N, 129S/138S/169M (SSM), and
225Y alleles are not as susceptible as animals with the
QGAQ allele [22–25].

Amplification rates vary among naturally occurring
cervid and non-cervid substrates

Within each isolate, significant differences were observed in
the amplification rates of the naturally occurring cervid
PrPC substrates (Figs 1a, b, 2a and 3a, and Table S1, avail-
able in the online Supplementary Material). The rates were
compared to those of the wild-type QGAQ substrate, which
showed the highest amplification rates in some, but not all,
isolates. For white-tailed deer isolates 4, the QGGQ sub-
strate was found to have a significantly higher amplification
rate than the QGAQ. A species-specific substrate (e.g.
QSAQ in white-tailed deer, 132M in elk and 138N in rein-
deer) was also used as a reference point for rare alleles
(Fig. 3a). Allelic substrates associated with resistance,
including QSAQ, HGAQ and QGAK, were found to have
significantly lower rates of amplification than QGAQ and
QGGQ when seeded with any of the isolates examined. Elk-
derived 132M and 132L substrates had significantly lower
rates of amplification than wild-type QGAQ, and although
the 132L substrate in most cases had a lower rate than its
132M counterpart, these differences were not statistically
significant. Within reindeer substrates, the 138N, SSM and
225Y substrates had significantly lower amplification rates
than the wild-type QGAQ protein, although they rarely
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differed significantly from one another. Among cervid sub-
strates, the lowest rates of amplification across isolates were
observed in the QGAK substrate of white-tailed deer and
the mule deer 225F substrate. The canine substrate pro-
duced the lowest rates of amplification overall; in most sub-
strates, its rates were not significantly different from those
of either QGAK or 225F.

Amyloid extension efficiencies vary in naturally
occurring cervid and non-cervid substrates

Within each isolate, significant differences were also
observed in the amyloid extension efficiencies of the natu-
rally occurring cervid PrPC substrates (Figs 1c, 2b and 3b,
and Table S2). The efficiency was compared to that of the
wild-type QGAQ substrate – which showed an intermediate
extension efficiency in most isolates. Most notably, while
the amplification rates of elk 132M and 132L did not signifi-
cantly differ from one another (as noted above), the amyloid
extension efficiency of 132L was significantly reduced com-
pared to that of 132M. Similarly, fallow deer substrate had a
markedly reduced extension efficiency compared to the
wild-type QGAQ. Separate comparisons were also made
between a species-specific substrate in each species
(Fig. 3b).

In some cases, substrates that had significantly lower rates
of amplification than QGAQ were found to have a signifi-
cantly higher extension efficiency, and vice versa. For exam-
ple, both QGAK and 225F were found to have significantly
higher amplification efficiencies than the QGAQ protein.
Likewise, reindeer substrates 138N, SSM and 225Y com-
monly had significantly higher amplification efficiency
than QGAQ.

The presence of multiple resistance-associated
codons in an artificial cervid substrate does not
confer additive effects on amplification rates or
amyloid extension efficiency

We hypothesized that substrates encoding multiple resis-
tance-associated amino acids would demonstrate an addi-
tive effect on amplification rates and extension efficiencies,
with progressively slower conversion rates and/or reduced
extension efficiencies as a second, third, or fourth codon
was modified. In contrast, we found that both the rates
and efficiencies in these artificial cervid substrates were
not significantly reduced when compared to their naturally
occurring counterparts with a single mutation – in many
cases they were modestly higher with respect to efficiency
(Fig. 2a, b, and Tables S1 and S2). The exceptions to these
findings include conversion in hypothetical QGGK, HSAQ
and HSAK substrates – which demonstrated similar rates
of amplification compared to QGAK specifically.

DISCUSSION

Among mammalian prion diseases, CWD of cervids has
proven to be one of the most problematic to control.
While halting the practice of feeding meat and bone meal
in 1994 effectively curbed the bovine spongiformT
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encephalopathy (BSE) epidemic, and selective breeding in
domestic sheep herds has reduced the prevalence of scra-
pie by 90% or more [34–37], an effective management
strategy for CWD in farmed and free-ranging cervid herds
has proven elusive. In contrast to BSE, CWD is spread
quite effectively between cervids through excreta and envi-
ronmental contamination [6]. Unlike sheep scrapie, no
allele or allelic pairing has been found that completely pre-
vents CWD infection in deer and elk species. An import-
ant limitation in the search for CWD-resistant cervids is
the relative rarity of resistant PRNP alleles. In many cases
it is exceedingly uncommon to find these alleles in the
homozygous state, somewhat obscuring field studies of the
influence of genetics on CWD susceptibility and making
their inclusion in challenge studies problematic. The pres-
ent study sought to examine the misfolding propensities of
these rare alleles in vitro, in the hope that our findings
might help target specific alleles for further examination
in future challenge studies.

We first hypothesized that two metrics of in vitro amplifica-
tion – rate and efficiency – would parallel in vivo susceptibil-
ity across cervid species. Indeed, our findings demonstrate
that these two metrics, acting in concert, seem to follow in
vivo susceptibility in cervids. The metric that seemed to
align most with in vivo susceptibility was the rate of amplifi-
cation, which likely represents PrPres seed–PrPC substrate
compatibility, and the ability of the substrate to form the ini-
tial PrPres species. Amyloid extension efficiency may further
separate those substrates with statistically similar amplifica-
tion rates, and likely indicates the capacity of the amyloid
product to serve as a seed for amyloid growth, an important
step in prion propagation. While the true contributions of
these metrics to susceptibility in natural hosts are almost
certainly more intricate, our findings suggest that white-
tailed deer allele QGGQ, with a limited number of field cases
examined, may not be as resistant in nature as it appears –
based on rapid amplification rates when seeded with several
geographically distinct CWD isolates. Meanwhile, alleles
from three different cervid species with similarly low num-
bers of field cases – 225F in mule deer, QGAK in white-
tailed deer and 225Y in reindeer (all found in the Helix 3
domain of PrPC) – demonstrated significantly reduced rates
of amplification across multiple CWD isolates and seed

dilutions, and warrant further exploration of resistance in
the natural host.

Challenge studies in cervid species to estimate susceptibility
have so far been limited, and have yet to systematically eval-
uate alleles other than QSAQ. While field studies under pre-
sumably natural conditions have found that CWD-positive
225F mule deer are incredibly uncommon [20, 21], one
study involving a small number of orally challenged 225F
homozygous mule deer has been reported [8]. These ani-
mals were found to have some level of resistance, indicated
by prolonged incubation times, although they also presented
potential diagnostic challenges based on an unusual neuro-
pathology. Rare challenge studies have also been undertaken
in other species – including both fallow deer and reindeer
[22–25]. Fallow deer, expressing the 138N/226E allele,
appear to be completely resistant to experimental challenge
[22–25], while bioassays in a limited number of reindeer
have shown that animals that are heterozygous for QGAQ/
225Y, QGAQ/138N and QGAQ/SSM alleles may be more
resistant than QGAQ homozygous animals. With the dis-
covery of CWD in Norwegian reindeer in 2016 [7], field
studies allowing further comparisons of their susceptibility
may soon be available following a planned herd reduction
over the coming year [38].

We next hypothesized that there would be an additive effect

towards delayed amplification rates and/or reduced exten-

sion efficiencies in substrates with multiple PrPC mutations

associated with natural CWD resistance, based on the addi-

tive effects of multiple resistance-associated codons seen in

sheep scrapie (e.g. 136V/154R/171Q homozygotes vs 136A/
154R/171Q homozygotes vs 136A/154R/171R homozygotes

vs heterozygotes of these three alleles) [34, 39–42]. Across

CWD isolates, in vitro amplification data in most hypotheti-

cal white-tailed deer alleles with multiple mutations showed

that this was not the case, with variants commonly demon-
strating amplification rates that were comparable to those

for QGAQ or naturally occurring alleles with a single muta-

tion. Three proteins (QGGK, HSAQ and HSAK), however,

consistently showed significantly reduced rates of amplifica-

tion, similar to the poorly amplifying QGAK protein. The

extension efficiency in these proteins was commonly greater
than that of the wild-type QGAQ, a finding that is observed

most often in the HSAK substrate. Our examinations with

these hypothetical substrates assumed that the various

mutations could be found stacked on the same allele (as

reported for sheep PRNP variants) – modelling homozygos-
ity in a cervid host. We did not evaluate outcomes from a

balanced titration of two white-tailed deer alleles acting

together in vitro, however, to model a heterozygous state

appropriately (QGGQ � QSAQ, for example). Future

experiments examining these permutations may show more

clearly the potential for altered susceptibility in cervids that
are heterozygous for two different resistance-associated

alleles, where the two proteins may act synergistically in

vivo to either limit or enhance CWD pathogenesis.

Table 2. Prevalence of CWD among elk and deer in CWD-endemic

areas of Colorado in 2005–2007 and 2010

Test results are presented from CWD-positive data analysis units

where both species are present. [48–50].

WTD and MD Elk

CWD

+

Total tested CWD

+

Total tested

243 8623 70 10 140

Prevalence 0.028 0.0069

Odds Ratio (95% CI,

P-value

1 0.24 (0.18-0.31,

P<0.0001)
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While our experiments were used to ascertain the amplifi-
cation abilities of various substrates seeded with a specific
CWD isolate, we could not examine potential amplifica-
tion differences between isolates effectively. It would be
very tempting to try to draw conclusions from the inter-
isolate variability seen among substrates, but a proper
approach to answer this question would require well-con-
trolled seeding with a known dose of PrPSc seed across
isolates. This may be possible by adjusting seed concentra-
tions to consistent amplification rates in a mutually dis-
similar substrate (e.g. truncated Syrian hamster PrPC) or
through bioassay titration. Were it possible to overcome
this obstacle, it seems plausible that RT-QuIC amplifica-
tion could be used to examine PrPSc strain typing rigor-
ously, as there is some evidence that several strains may
be circulating in cervids [43–45]. This may, in turn, per-
mit a better understanding of the recent source of CWD
introductions in North America and Europe.

In summary, evaluating the amplification rates and effi-
ciencies of recombinant PrPC substrates by RT-QuIC could

be a useful tool for estimating the susceptibility of rare or

newly discovered PRNP alleles, allowing researchers to tar-
get specific alleles for downstream evaluation in challenge

studies. In the face of an ever-expanding CWD-endemic
area, it is increasingly important to characterize the natural

susceptibility of these alleles, as well as their geographical

distribution and the evolutionary basis for their rarity. Do

the QGAK, 225F and 225Y alleles represent recent, ran-
dom anomalies, or are they more primitive mutations that
adversely affect reproductive fitness? Perhaps they are an
indication that cervids with these rare alleles were them-
selves once the target of a primordial prion strain. While
some evidence has been presented for distinct strains of
CWD, little is known about their geographical distribution
or virulence in cervid hosts of diverse PRNP backgrounds.
It is possible that, with the appropriate framework, RT-
QuIC could allow for the discrimination of known and
novel prion strains. Without further research into disease
management and prevention, including resistance, the only
certainty seems to be that CWD will continue its insidious
spread, with further discoveries in new hosts and geo-
graphical locations.

METHODS

CWD isolates

Recto-anal mucosa-associated lymphoid tissue (RAMALT)
biopsies were collected during previous studies from eight
CWD-positive white-tailed deer, mule deer or elk. The ani-
mals represented various PRNP genotypic backgrounds and
geographical locations across North America (Table 3). The
tissues were homogenized at ~2% (weight/volume) in phos-
phate-buffered saline (PBS) to be used as stock isolates.
These stock preparations were then diluted 1 : 10 in RT-
QuIC dilution buffer [(PBS with 0.05% sodium dodecyl

Fig. 1. Amplification analysis of CWD isolates in cervid substrates. (a) Amplification rates of three dilutions of CWD isolate 1 in 95Q/

96G/116A/226Q (QGAQ) substrate. The threshold is indicated by the dashed red line. (b) Plotted amplification rates for three dilutions

of isolate 1 in QGAQ and canine substrates. The areas under each of these curves were used to summarize the amplification rate data

for each substrate/isolate pair. (c) Amyloid extension efficiencies of the 10�1 dilution of isolate 1 in QGAQ and canine substrates. The

threshold is indicated by the dashed red line. RFUs, relative fluorescent units; m, slope of the first four hours of the amplification

curves after crossing the threshold.
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Fig. 2. Comparing amplification rates and amyloid extension efficiencies in cervid substrates. The amplification rates (a) and amyloid

extension efficiency (b) of eight CWD isolates were compared across naturally occurring and hypothetical cervid alleles. The reference

point for amplification rates within each isolate was the 95Q/96G/116A/226Q (QGAQ) allele. Most, but not all, of the substrates had a

significant reduction in amplification rate compared to QGAQ. A range of different efficiencies were observed, with many of the rein-

deer and hypothetical cervid alleles having a significantly higher extension efficiency than QGAQ. Most notably, alleles with apparent in

vivo resistance (elk 132L and fallow deer) were found to have a significantly lower efficiency than QGAQ. Where amplification rates

were similar, amyloid extension efficiency seemed to help delineate in vivo susceptibilities. Significance is shown as P�0.5, P�0.05

and P�0.001. WTD, white-tailed deer; MD, mule deer; NS, not significant.
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Fig. 3. Comparing the rates and amyloid extension efficiencies of species-specific substrates. With each species, the amplification

rates (a) and amyloid extension efficiencies (b) were compared to those of a secondary substrate. In WTD, the secondary substrate

that served as a reference point was QSAQ. In elk, 132M was considered as the secondary reference substrate. In reindeer, the 138N

allele served as a secondary reference substrate. Significance is shown as P�0.5, P�0.05 and P�0.001. WTD, white-tailed deer; MD,

mule deer; NS, not significant.
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sulfate (SDS)] and aliquoted as single-use preparations for
each experiment. Single-use aliquots were then frozen at
�80

�
C until just prior to experimental setup.

Recombinant cervid PrP
C
design and development

Recombinant prion protein sequences (rPrPC, residues 25–
232) were derived from naturally occurring white-tailed
deer, mule deer, elk, fallow deer, reindeer, or canine (25-
233) alleles collected in the field; hypothetical alleles were
synthesized in vitro (Genewiz, South Plainfield, NJ, USA).
The alleles included the wild-type 95Q/96G/116A/226Q
(QGAQ) allele commonly found in white-tailed deer, mule
deer and reindeer, the putatively resistant 95 h (HGAQ),
96S (QSAQ), 116G (QGGQ) and 226K (QGAK) alleles
found in white-tailed deer, as well as several hypothetical
stacked permutations of these white-tailed deer alleles (e.g.
HSAQ, QGGK, etc.). Both 132M/226E and 132L/226E
alleles of North American elk (132M and 132L, respectively)
were also evaluated, as well as the 225F/226Q allele of mule
deer, the 138N/226E allele of fallow deer, and the 138N,
129S/138S/169M (SSM) and 225Y alleles of reindeer. A
canine PRNP substrate, cloned specifically for these experi-
ments using postmortem tissue collected from a German
wirehaired pointer dog, was used as a reference control, as
no studies have found canines to be susceptible to CWD or
other prion diseases. The canine sequence cloned is a novel
one, with a PrPYfiH substitution (GenBank accession
number MG018983). The frequency of this allele in the
canine population is unknown, though there is no reason to
assume that it would perform any differently in the assay
than previously published canine PrP sequences. A compre-
hensive summary of the alleles used and their respective
codon variances is presented in Fig. 4. Naturally occurring
or hypothetical cervid sequences were PCR-amplified from
tissue or plasmid preparations using the forward primer
208F (5¢-CAC CAA GAA GCG ACC AAA ACC-3¢) and
the reverse primer 208R (5¢-TCA CCC TCT TTG GTA
ATA AGC C-3¢). Canine sequences were amplified using
the forward primer 209F (5¢-CAC CAA GAA GCG GCC
GAA GCC-3¢) and the reverse primer 209R (5¢-TCA CCC
TCT TTG GTA GTA AGC C-3¢). Each forward primer
incorporated an overhang to allow for incorporation into
the plasmid vector and properly orient the translation read-
ing frame (indicated in bold), while the reverse primers

allowed for termination of transcription through a stop
codon (underlined). Amplification was achieved using 35
cycles of denaturation at 95

�
C for 45 s, annealing at 54

�
C

for 45 s and extension at 72
�
C for 45 s, with a final 5¢ exten-

sion step. Each product was run on a 1.5% agarose gel to
verify amplicon size, and was then purified and transfected
into a pET100d plasmid using a TOPO-TA cloning system
according to the manufacturer’s instructions (Thermo
Fisher Scientific). Selected colonies were cultured, and their
plasmids isolated and sequences confirmed. Plasmids were
then transfected into BL21 cells, reisolated and resequenced,
and with transfected cultures frozen in 50% glycerol at
�80

�
C until expression.

PRNP expression and preparation

Recombinant prion proteins were expressed and purified as
previously described [46]. In brief, 5ml cultures of lysogeny
broth with 0.01% ampicillin (w/v) were inoculated with
rPrPC expressing BL21 strain E. coli, grown overnight, and
transferred to 0.5 L cultures of lysogeny broth (LB) contain-
ing ampicillin (0.01%) and autoinduction reagents [final
concentrations, 0.5 M (NH4)2SO4, 1 M KH2PO4, 0.5 % glyc-
erol, 0.05% glucose, 0.2% lactose, 0.001 M MgSO4], before
being harvested when an optical density (OD, 600 nm) of
~4 was reached. The cells were lysed with Bug Buster
reagent and Lysonase (EMD Biosciences) with DNAse
(Sigma-Aldrich) according to the manufacturer’s instruc-
tions, and inclusion bodies (IBs) were harvested by centrifu-
gation of the lysate at 15 000 g. IB pellets were washed twice
and solubilized overnight in 8M guanidine hydrochloride
(GuHCl) in 100mM NaPO4 and 10mM Tris pH 8.0, then
clarified by centrifugation at 15 000 g for 15min. Superna-
tants were added to Super Flow nickel-nitrilotriacetic acid
(Ni-NTA) resin (Qiagen) pre-equilibrated with denaturing
buffer (6.0M GuHCl, 100mM NaPO4, 10mM Tris pH 8.0).
Denatured rPrPC and Ni-NTA resin were incubated by
rotating at room temperature for 1 h and then added to an
XK fast protein liquid chromatography column (GE Health-
care). Refolding was achieved on a column using a linear
refolding gradient of denaturing buffer (6M GndCl,
100mM NaPO4, 10mM Tris pH 8.0) to refold the buffer
(100mM NaPO4, 10mM Tris pH 8.0) over 4 h at 1.0ml
min�1. Recombinant PrPC was eluted with a linear gradient
of refold buffer to elution buffer (100mM NaPO4, 10mM

Table 3. Detailed information on the species, geographical source and genetic background of the CWD isolates used

Isolate Species Geographical source Genotype

1 White-tailed deer Pennsylvania QGAQ/QGAQ

2 White-tailed deer Wisconsin QGAQ/QGAQ

3 White-tailed deer Iowa QGAQ/QGAQ

4 White-tailed deer Iowa QGAQ/QSAQ

5 White-tailed deer Iowa QSAQ/QSAQ

6 Elk Saskatchewan 132M/L

7 Elk Saskatchewan 132M/M

8 Mule Deer Texas 225 S/S (QGAQ/QGAQ)
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Tris pH 8.0, 1M imidazole pH 5.8) over 45min at 2.0ml
min�1. Peak UV 280 nm fractions were pooled and dialyzed
overnight against two changes of 4.0L of dialysis buffer
(20mM NaPO4 pH 5.8). Recovered rPrPC concentrations
were measured using a Nanodrop1000 spectrophotometer
(ThermoFisher Scientific) to determine absorbance at
280 nm (A280). The molar concentrations were determined
using the equation c=A280/", where A280 was the average
absorbance across four readings and " was the calculated
extinction coefficient. Proteins were diluted to ~1.00.10�5

M (~0.27mgml�1) and stored at 4
�
C for up to 45 days.

RT-QuIC procedure

Single-use aliquots of CWD-positive tissue homogenates
(0.2%) were thawed and diluted 1 : 10, 1 : 100 and 1 : 1000 in
RT-QuIC dilution buffer (0.05% SDS). Five µl of these
10�1, 10�2 and 10�3 preparations was added to 95 µl of RT-
QuIC reaction buffer, consisting of 50mM NaPO4, 350mM
NaCl, 1.0mM ethylenediaminetetraacetic acid tetrasodium
salt (EDTA), 10 µM thioflavin T (ThT) and 3.70.10�6 M
(~0.1mgml�1) cervid or non-cervid rPrPC to yield a final
volume of 100 µl. For each isolate, the dilution series was
repeated in triplicate on a single plate in three separate
experiments. Two groups of negative controls, the first con-
sisting of a 5 µl of a ~0.002%homogenate of CWD-negative
RAMALT from a white-tailed deer (sample control) and the
second consisting of 5 µl RT-QuIC dilution buffer
(untreated control) spiked into 95 µl of RT-QuIC reaction

buffer, were included in each experiment. Reactions were
prepared in a black 96-well optical-bottom plate (Nalge-
Nunc), and were then sealed and incubated in a BMG Lab-
tech Polarstar fluorimeter at 42

�
C for 24 h (96 15-minute

cycles) with intermittent shaking cycles; specifically, 1min
shakes (700 r.p.m., double orbital pattern) interrupted by
1min rest periods. ThT fluorescence measurements
(450 nm excitation and 480 nm emission) were taken every
15min, with the gain set at 1200. The relative fluorescence
units (RFU) for each triplicate sample were progressively
monitored against time with orbital averaging and 20
flashes/well at the 4mm setting.

In vivo susceptibility estimates

Historical studies and publications evaluating CWD preva-
lence in various cervid species were systematically evaluated
to ascertain the allelic susceptibilities of white-tailed deer,
mule deer and elk [9, 12–14, 20, 21, 47–51]. Prevalence
among the various naturally occurring cervid alleles was cal-
culated across groups and studies, allowing for the determi-
nation of the relative risks of infection within and among
species.

Data analysis

Amplification rate

Replicates were considered positive when the relative fluo-
rescence crossed a pre-defined positive threshold, calculated
as 10 standard deviations above the mean fluorescence of all

Fig. 4. Comprehensive summary of substrates used in the experiments. Both naturally occurring and hypothetical cervid alleles were

examined. Canine substrate was also evaluated as a reference control, as this species is thought to be resistant to prion infection.
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sample wells from cycles 2–8. The rate of amplification, e.g.
1/threshold time, for each isolate and dilution (10�1, 10�2

and 10�3) within cervid rPrPC substrates was recorded
(Fig. 1a).

For each isolate and substrate, the amplification rates for
each isolate dilution were plotted. The area under the curve
(AUC) of these rate points was then used to summarize the
amplification rates for each substrate and isolate (Fig. 1b).
Within each isolate, the mean AUC and standard errors
(SEM) were compared across substrates using ANOVA
with Tukey’s multiple comparisons test. The substrate
amplification rates were only compared within isolates,
because a standard seeding dose could not be adequately
determined across isolates a priori to allow for inter-isolate
comparisons.

Amyloid extension efficiency

For the first dilution of each isolate (e.g. 1 : 10 in RT-QuIC
dilution buffer), amplification curves for each replicate
crossing the threshold prior to the 20 h mark were used to
estimate amyloid extension efficiency. Because some posi-
tive replicates crossed the threshold much later during the
experiment (while some failed to amplify at all), we sought
to restrict our analysis to those replicates that had at least 16
cycles (4 h) of amplification; this constraint enabled us to
include >92% of replicates for the first dilution. The origin
for each curve was standardized to the point where it
crossed the threshold. For each isolate and substrate, mean
relative fluorescence means and SEM for each cycle of
amplification were calculated from the nine replicates. A
linear regression of each curve was performed, which
allowed for the calculation of a mean slope ±standard error
(Fig. 1c). Within each isolate, slopes were compared across
substrates using ANOVA with Tukey’s multiple
comparisons test.
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